L yme disease is a multisystem disorder caused by infection with the tick-borne spirochete Borrelia burgdorferi (1).
Signs of infection include a bull's-eye rash at the site of the tick bite, termed erythema migrans, followed by dissemination of bacteria to various tissues resulting in neurological abnormalities, myocarditis, and arthritis (2) . Lyme arthritis occurs in ϳ60% of individuals not treated with antibiotics at the time of the tick bite, is associated with the presence of B. burgdorferi in joint tissue, and resolves with successful antibiotic treatment (3, 4) . A small percentage of individuals with subacute arthritis progress to a chronic treatment-resistant arthritis that is no longer associated with bacteria in joint tissue and is postulated to be autoimmunemediated (5, 6) .
Infection-associated Lyme arthritis has been studied in the mouse, where arthritis develops 3-4 wk following intradermal inoculation and is histopathologically similar to Lyme arthritis in humans (7, 8) . The severity of arthritis is genetically regulated, with C3H mice developing severe arthritis whereas C57BL/6 mice develop mild to moderate disease (8, 9) . Although this difference is not dependent on MHC alleles, it has been linked to quantitative trait loci (QTL) 3 on chromosomes 1, 4, 5, 11, and 12 (10, 11) . Interestingly, infected C3H and C57BL/6 mice harbor similar numbers of bacteria in joint tissues, indicating that differences in arthritis severity are not due to differences in host defense, but rather reflect different abilities to regulate the localized inflammatory response (9) . B. burgdorferi lipoprotein interaction with TLR2 results in the production of proinflammatory cytokines and chemokines, several of which have been implicated in modulating the development of arthritis (12) (13) (14) (15) . Furthermore, C57BL/6 mice lacking the potent anti-inflammatory cytokine IL-10 (C57BL/6 IL-10 Ϫ/Ϫ ) develop more severe arthritis than wild-type C57BL/6 mice while more effectively controlling bacterial growth (16 -18) .
The mouse model of Lyme arthritis provides a unique opportunity to study contrasting responses to similar bacterial stimuli in mice developing severe or mild arthritis (8, 9, 19) . Localized responses to B. burgdorferi were assessed by global gene expression analysis in whole joint tissue from C3H, C57BL/6, and C57BL/ 6-IL-10 Ϫ/Ϫ mice during the progression of disease development. This analysis revealed the activation of two unexpected and divergent pathways in response to infection in mice destined to develop arthritis of different severities, and suggested that an early commitment to a gene expression phenotype in infected joint tissue could determine the severity of subsequent Lyme arthritis.
Materials and Methods

Mice
Female C3H/HeNCr (C3H) and C57BL/6NCr (C57BL/6) mice were obtained from the National Cancer Institute, whereas female B6.129P2-IL-10 tm1Cgn /J (C57BL/6-IL-10 Ϫ/Ϫ ) mice on the closely related C57BL/6J mouse were obtained from The Jackson Laboratory. Mice were housed in the Animal Resource Center at the University of Utah Health Science Center according to the guidelines of the National Institutes of Health for the care and use of laboratory animals.
B. burgdorferi culture and infection
Mice were infected by intradermal injection at 6 wk of age with 2 ϫ 10 3 B. burgdorferi clone N40 (provided by S. Barthold, University of California, Davis, CA) that had been cultured for 4 days in Barbour-StoennerKelly II medium containing 6% rabbit serum (Sigma-Aldrich).
Assessment of infection status and arthritis severity
Infection of mice was confirmed by culture of spirochetes from bladders, production of B. burgdorferi-specific Abs, and detection of B. burgdorferi recA in ear tissues by quantitative PCR (7, 20) . Ankle swelling was used as a relative indicator of arthritis development in the actual tissue collected for microarray analysis and was determined from measurements made of the rear ankle joints with a metric caliper. Increases in ankle measurement were similar to those in previous studies, where complete histological assessment of arthritis severity was performed (9, 16) .
Isolation of RNA
Total RNA was isolated from tissues and cells using acid guanidine extraction (21) . Skin was removed from the rear ankles, and tissue extending ϳ5 mm in each direction was collected from infected and control mice at the indicated times. Joint tissues were flash frozen and homogenized in cold acid guanidine using an Ultra-Turrax disperser (IKA Works), and RNA was separated by cesium chloride cushion centrifugation. RNA was recovered by ethanol precipitation and applied to a RNeasy kit (Qiagen).
Gene expression analysis
Equal amounts of total RNA from the more swollen ankle of five individual mice of each genotype from each time point were pooled into a single sample that was prepared for Affymetrix array hybridization according to the manufacturer's instructions (Affymetrix) (22) . cDNA was synthesized from 8 g of total RNA and biotin-labeled using the One-Cycle Target Labeling Kit (Affymetrix). Each sample was hybridized to triplicate GeneChip arrays; either GeneChip Mouse Expression Array 430A (C3H/ HeN) or GeneChip Mouse Genome 430 2.0 Array (C57BL/6 and C57BL/6 IL-10 Ϫ/Ϫ ) (Affymetrix) depending on availability, and then stained and washed in the Affymetrix Fluidics Station 450 with program EukGEWS2v4. Arrays were scanned with either the GeneArray 2500 Scanner (C3H/HeN) or GeneChip Scanner 3000 (C57BL/6 and C57BL/6 IL-10 Ϫ/Ϫ ) laser confocal slide scanner. Data from all GeneChips were preprocessed using the affy and gcRMA (Robust Multiarray Average) packages in R (23) (24) (25) . Statistical analysis was performed using significance analysis of microarrays (SAM), and data were filtered based on a significant p value ( p Ͻ 0.05 as determined by SAM) (26) . Transcripts with changes meeting significant p values were filtered based on fold change, and those with a change of 2-fold or greater were considered differentially expressed, whereas other transcripts were considered not changed (NC). The function of gene products was primarily determined with the National Cancer Institute/Center for Information Technology microarray database (NCI/ CIT mAdb, ͳhttp://www.cit.nih.gov/home.aspʹ) and with Gene Ontology annotations according to Mouse Genome Informatics (27) . In some cases, gene function was inferred based on the function of orthologous genes and/or phenotype of other gene family members as determined from public databases such as Ensembl and Mouse Genome Informatics (27, 28) . Microarray data from this manuscript may be accessed at the GEO database ͗http://www.ncbi.nlm.nih.gov/geo/͘ under accession no. GSE6055.
Real-time quantitative RT-PCR
RT-RCR on 5 g of total RNA was performed using random primers and M-MLV Reverse Transcriptase (Invitrogen Life Technologies). Quantitative PCR was performed using LightCycler SYBRPlus MasterMix on the LightCycler (Roche Applied Science). The oligonucleotide primers used to detect ␤-actin were bactin.F (forward) (5Ј-GTAACAATGCCATGTTCAAT-3Ј) and bactin.R (reverse) (5Ј-CTCCATCGTGGGCCGCTCTAG-3Ј); Cxcl13 were cxcl13.F (5Ј--3Ј) and cxcl13.R (5Ј--3Ј); Elovl4 were elovl4.F (5Ј-TACTA TGGGCTGACTGCGTTCG-3Ј) and elovl4.R (5Ј-GACTGCTTCGGCTC ATTGTATGTC-3Ј); Flg were flg.F (5Ј-CAATGAAGACTGGGAGGCA AGC-3Ј) and flg.R (5Ј-TGACTGGAGATGGTTTGGAGTGG-3Ј); Hrnr were hrnr.F (5Ј-GCAACAAGATGCCTAAACTCCTGG-3Ј) and hrnr.R (5Ј-GCTGGTGACTGTGATTTTTCTGC-3Ј); Igtp were igtp.F (5Ј-TAGAGC AGACCCACAGAGTTCAGG-3Ј) and igtp.R (5Ј-CAGCAGTCATAGATTT AGACCACGG-3Ј); Iigp1 were iigp1.F (5Ј-GTAGTGTGCTCAATGTTGCT GTCAC-3Ј) and iigp1.R (5Ј-TACCTCCACCACCCCAGTTTTAGC-3Ј); Il1b were il1b.F (5Ј-TCCCAAGCAATACCCAAAGAGAA-3Ј) and il1b.R (5Ј-TG GGGAAGGCATTAGAAACAGTC-3Ј); Irf7 were irf7.F (5Ј-TGTGACCCTC AACACCCTAATACC-3Ј) and irf7.R (5Ј-CAATAGCCAGTCTCCAAACA GCAC-3Ј); Mmp3 were mmp3.F (5Ј-TTGTGTGCTCATCCTACCCATTG-3Ј) and mmp3.R (5Ј-TTCCTCCATTTTGGCGAACC-3Ј); and Stat1 were stat1.F (5Ј-CGTGGGAACGGAAGCATTTG-3Ј) and stat1.R (5Ј-ACGAGA CATCATAGGCAGCGTG-3Ј). Primers for B. burgdorferi 16S rRNA were 5ЈGGTCAAGACTGACGCTGAGTCA and 5ЈGGCGGTCCACTTAACACG TTAG, as described previously (29) . FIGURE 1. Gene expression profiles as they relate to arthritis development. A, Ankle swelling was determined for each infected and uninfected mouse as tissues were collected for expression analysis, as described in Materials and Methods. B, RT-PCR with primers for Borrelia 16S rRNA was performed on the individual RNA samples used for microarray to estimate relative levels of B. burgdorferi in tissues. Values for C3H and C57BL/6 mice were not significantly different at 1 and 2 wk of infection, whereas the difference at 4 wk was significant (p Ͻ 0.05, Student's t test). Differences between C57BL/6 and IL-10 Ϫ/Ϫ mice were significant at 2 and 4 wk of infection. C, Lines representative of gene expression reflect the average fold change of five genes selected from the IFN-responsive profile (Igtp, Iigp2, Iigp1, Tgtp, and Ifi1) and the epidermal differentiation profile (D) (Flg, Krt2-1, Hrnr, Sprr1b, and Lor.
Design of microarray experiment
Gene expression profiling using Affymetrix GeneChip microarrays was performed during the development of arthritis of differing severities in C3H, C57BL/6, and C57BL/6-IL-10 Ϫ/Ϫ mice infected with B. burgdorferi. Expression profiles in joint tissues were determined at 1, 2, and 4 wk of infection, and compared with mock-infected mice, age matched with the 1-wk time point. Previous studies indicated that by 1 wk of infection, B. burgdorferi had spread to the joint tissue, but that inflammatory cell infiltrate was not yet detectable, thus providing an opportunity to capture the early response of endogenous cells of the joint tissue to invading bacteria (4, 7) . By 2 wk of infection, bacterial number was at its greatest and there was robust inflammatory cell infiltrate, whereas the 4-wk time point was designed to coincide with the peak of arthritis development in C3H mice (4, 7) . Expression profiles were performed on C57BL/6-IL-10 Ϫ/Ϫ mice, which develop more severe arthritis than C57BL/6 mice, to help identify changes in gene expression that are common to the development of arthritis (16) .
Because technical and biological variation were expected, RNA was isolated from the joint tissue of five mice at each time point and pooled before microarray analysis, which was performed in triplicate (30) . Results were confirmed for selected transcripts by quantitative RT-PCR with the individual samples used to generate the pool, as well as confirmation of selected transcripts from individual animals infected in a second experiment.
Results
Overview of gene expression profiles
B. burgdorferi infection of C3H, C57BL/6, and C57BL/6-IL-10 Ϫ/Ϫ mice was followed over time, with measurements of rear ankle swelling taken as an approximation of the progression of arthritis in the actual joint tissues pooled for microarray analysis (Fig. 1A) . Although ankle measurements provide a limited assessment of arthritis, the results reported in Fig 1A are similar to those in our previous report that included histological assessment of arthritis development in C57BL/6-IL-10 Ϫ/Ϫ mice (16) . To gain an approximation of B. burgdorferi levels in the individual ankle tissues collected for microarray analysis, we performed RT-PCR using primers for the flaB gene and for 16S rRNA of Borrelia (29, 31) . Results were similar with the two primer sets and are shown for the more sensitive 16S rRNA (Fig. 1B) . Similar levels of 16S rRNA were present in ankle tissues from C3H and C57BL/6 mice at 1 and 2 wk of infection, whereas at 4 wk of infection 16S rRNA levels were greater in C57BL/6 than C3H joint tissues. 16S rRNA was not detected in samples from uninfected mice, and levels of 16S rRNA were much lower at all time points in C57BL/6-IL-10 Ϫ/Ϫ mice than in either wild type, consistent with previous reports using quantitative PCR detection of DNA in tissues (16) .
Affymetrix GeneChip array analysis revealed alterations in expression of discrete subsets of genes in RNA collected from the joint tissue of infected mice. At 1 wk of infection, transcripts from 156 genes were increased by Ͼ2-fold in C3H mice, whereas in C57BL/6 mice 119 transcripts were increased; this result is based on the 22,000 unique transcripts included on GeneChip 430A of the mouse (Table I) . Interestingly, there were only three transcripts changed by Ͼ2-fold that were common to C3H and C57BL/6 mice at 1 wk of infection (Figs. 2, 3A) . Tissue from infected C57BL/6-IL-10 Ϫ/Ϫ mice revealed 419 gene transcripts increased at 1 wk of infection and displayed clear overlap with those increased in C3H mice (Fig. 3A) . At 2 wk postinfection, significant recruitment of leukocytes to joint tissues is evident by histological analysis (7, 9) , which was supported by the increase in a large number of genes in all three strains of mice associated with host defense and inflammatory cell infiltrate (Fig. 3B) . The 4-wk postinfection time point represents the peak of arthritis as well as full development of the adaptive immune response, consistent with the identification of a group of genes induced only at this late time point. The number of genes changed at 4 wk was less than at 2 wk in both C3H and C57BL/6 mice, possibly reflecting resolution of infection and inflammatory response (Table I and Fig. 3C ). In contrast, C57BL/6 IL-10 Ϫ/Ϫ mice displayed an exaggerated and uncontrolled response to infection, with the number of genes changed Ͼ2-fold still increasing at the 4-wk time point. This is consistent with the potent ability of IL-10 to regulate acute inflammatory processes (Table I) (32) .
B. burgdorferi infection induces an early proinflammatory response in arthritis-susceptible C3H mice
At 1 wk of infection, C3H mice displayed a robust induction of genes indicative of a strong proinflammatory response by endogenous cells. In particular, the most highly increased genes were those known to be inducible by type I (IFN-␣ and IFN-␤) and/or type II (IFN-␥) IFN (Table II) . In fact, 36% (56 of 156) of the genes induced Ͼ2-fold in C3H mice were clearly annotated as IFN responsive, and 67 of the 100 most highly induced genes were either IFN responsive or could be linked to the induction and regulation of IFN responses ( Fig. 2 and Supplement 1) 4 (27) . Additional genes increased in C3H mice could be indirectly linked to IFN by their role in regulation and development of the immune response, such as Parp14, Bst2, and Nfil3 (Table II) . The genes of the C3H profile were highly induced, up to 120-fold compared with uninfected joint tissue. It is difficult to assign responsibility for this robust IFN response because changes were not detected in either type I or type II IFN transcripts in C3H or C57BL/6 mice at any time, and most of the genes listed in Table II can be induced by either type I or type II IFN (including the highly induced Iigp1, Gbp1, and Tap1 (27, 33) ). The increased transcript levels for the signaling molecules Stat1, Irf1, Irf7, and Irf8 also did not provide strong evidence for the selective presence of type I or type II IFN (Table II) (33) .
In striking contrast, none of the IFN-inducible gene transcripts was increased Ͼ2-fold at 1 wk postinfection in the ankle joints of C57BL/6 mice (Table II and Fig. 2 ). Although some IFN-inducible transcripts were increased by 2 wk postinfection, the magnitude of 4 The on-line version of this article contains supplemental material. a Gene expression in ankle joint tissue at 1, 2, and 4 wk postinfection was compared to uninfected ankle joint tissue. Affymetrix probe sets identifying the same gene transcript were counted as a single gene transcript.
b As described in Ref. 16 and Fig 1A. c As described in Ref. 16 and Fig 1B. change was generally much less than that seen in C3H mice, suggesting that ankle tissues of C57BL/6 mice have a temporally delayed and diminished IFN response to B. burgdorferi infection (Table II , Fig. 1C , and Supplement 2). The association with arthritis was further strengthened by findings with C57BL/6-IL-10 Ϫ/Ϫ mice, which displayed robust induction of many of the IFNresponsive genes characteristic of the expression profile found with severely arthritic C3H mice (Table II, Fig. 3A , and Supplement 3). Although the IFN-induced profile was delayed in IL-10 Ϫ/Ϫ mice, the levels of IFN-inducible genes remained elevated throughout the course of infection rather than returning to baseline as seen with C3H mice (Table II and Fig. 1C ) (17, 32) . These findings suggest that early production of IFN in the environment of the C3H mouse joint is associated with inflammatory events of arthritis development and that its absence from C57BL/6 mice is protective.
The expression levels of several highly changed transcripts including Iigp1 and Igtp and the signaling molecules Stat1 and Irf7 were assessed in individual mice using quantitative RT-PCR ( Fig.  4A-D) . The trends of expression observed by microarray analysis were confirmed by RT-PCR for all genes tested, and selected expression patterns were confirmed with samples from a second infection experiment. This result provides important documentation that the microarray analysis reflected the contribution of individual mice rather than the dominant expression of an aberrant sample in the pool and indicate that the robust induction of IFN-responsive genes in joint tissue is a universal feature of the early response of C3H mice to B. burgdorferi infection that is absent in the early response of C57BL/6 mice.
A novel group of genes is selectively increased in infected C57BL/6 mice
Joint tissue from C57BL/6 mice displayed elevation of an entirely different set of genes than C3H mice at 1 wk postinfection. In fact, of the Ͼ100 genes increased at 1 wk postinfection, some up to 40-fold, only two genes were shared with C3H mice, serum amyloid A 3 (Saa3) and the chemokine Ccl12 (Fig. 2) . In C57BL/6 mice, a large number (55%; 65 of 119) of transcripts increased Ͼ2-fold, and 75 of the 100 most highly induced transcripts at 1 wk postinfection were involved in epidermal differentiation, cell adhesion, and cell-cell interaction or wound repair (Table III and  Supplement 2) (27, 34) . Increased expression of genes involved in epidermal development was surprising because all skin was removed from the joint tissue before collection, and expression was low in joint tissue collected from uninfected C57BL/6 mice. The increased expression of genes involved in wound repair, such as Krt-2a, and cell-cell interactions, such as Ly6d and Dsp, could be suggestive of a response to disseminating bacteria (35, 36) .
Of note, most of the 119 genes which increased Ͼ2-fold at 1 wk postinfection in the joints of C57BL/6 mice were decreased in C3H mice, and comprised a subset of the 401 genes decreased by Ͼ2-fold in C3H mice (Figs. 1D and 3A, Table III , and Supplements 1and 2). Seventy-six of the genes with reduced expression in C3H mice were also reduced in C57BL/6 IL-10 Ϫ/Ϫ mice (Table  III, Fig. 3A ), suggesting that regulation of this response could be related to the inflammatory status of the tissue. Differential expression of this epidermal differentiation/wound repair profile was most evident at 1 wk postinfection; however, elevation in C57BL/6 mice and reduction in C3H and C57BL/6-IL-10 Ϫ/Ϫ mice was maintained at 2 and 4 wk postinfection with B. burgdorferi (Fig.  1D) . Interestingly, not all genes induced during epidermal differentiation were altered during B. burgdorferi infection, including Ivl, Ppl, and Sprr2f (Table III) (27) .
RT-PCR was used to assess the transcriptional pattern for selected epidermal differentiation/wound repair gene transcripts from Table III , including Flg, Hrnr, and Elovl4. Changes observed by microarray analysis in pooled samples were reproducibly present in the joints of five individual mice comprising the pools for each time point (Fig. 4 , E-G) and in tissues from a second infection experiment (data not shown). These data demonstrate that the increased expression of the epidermal transcripts in C57BL/6 mice and reduced expression in C3H and IL-10 Ϫ/Ϫ mice was a feature of the response to B. burgdorferi infection that correlated with the severity of arthritis.
Great care was taken in the removal of skin from the ankle joints used in this study, and histological assessment of many rear ankle tissues prepared in the same manner as for microarray has not revealed differences in the inclusion of skin tissue in the joints of any mouse genotype. To determine whether altered expression of the epidermal profile was a generalized response to infection of the skin or whether it was a response unique to the joint tissue, RT-PCR was performed on RNA prepared from the ears of infected FIGURE 2. Distinct gene expression profiles at 1 wk postinfection in C3H/HeN and C57BL/6 mice. Of the 100 most highly increased transcripts in C3H mice, 67 were related to the IFN response, whereas 75 of the 100 most increased transcripts in C57BL/6 mice were related to epidermal differentiation and wound repair. Only 2 of the 100 most highly increased transcripts were shared in the two mouse strains, Saa3 and Ccl12. and uninfected mice. Transcript levels for filaggrin were not changed in ear tissue from infected C3H or C57BL/6 mice, suggesting that this differential response to infection was specific for the ankle tissue (data not shown).
B. burgdorferi infection results in expression of genes involved in host defense
In addition to the very distinct gene expression profiles seen early during infection that correlate with arthritis severity, all three strains of mice shared a common response to B. burgdorferi that was evident at 2 and 4 wk postinfection (Fig. 3, B and C) . The recruitment of PMNs is a hallmark of Lyme arthritis (8, 15) , and by 2 wk of infection modest increases (5-fold) in the PMN-recruiting chemokines Cxcl1, Cxcl2, and Cxcl5 were seen in both C3H and C57BL/6 mice as well as increased levels of PMN gene products such as Mpo, Ncf1, and Ncf4 (Table IV and Supplements 1-3) . Additionally, increased transcription of several mononuclear cellrecruiting chemokines, such as Ccl2, Ccl3, Ccl7, and Ccl12, was observed (37) . The IFN-responsive T cell-recruiting chemokine Cxcl9 was increased in both C3H and C57BL/6 mice over the course of infection, whereas Cxcl10 was also highly induced in joints of C57BL/6 and C57BL/6-IL-10 Ϫ/Ϫ mice (Table IV) (37) . Additional T cell-recruiting chemokines were increased during infection in both C3H and C57BL/6 mice, including Cxcl16, Ccl2, and Ccl7, (37) . Transcript levels for the B cell chemokine Cxcl13 were dramatically increased in the joints of both C57BL/6 and C3H mice by 2 wk infection, whereas joints of C57BL/6-IL-10 Ϫ/Ϫ mice displayed a less robust induction of Cxcl13 (Table IV) . In fact, Cxcl13 was the only chemokine with greater induction in C57BL/6 mice than in C57BL/6 IL-10 Ϫ/Ϫ mice, an interesting finding in light of the clinical association between Cxcl13 expression and spirochete load in neuroborreliosis (38) and the reduced presence of B. burgdorferi in the joints of IL-10 Ϫ/Ϫ mice (Fig. 1B) . Expression profiles for many of the chemokines were confirmed by RT-PCR in individual mice, with the unique profile for Cxcl13 shown in Fig. 4H .
Genes whose expression is associated with host defense were also increased at 2 wk of infection, including additional markers for neutrophils and macrophages, Mpo, Cd14, Tlrs, Fc receptors, and arginase. Complement component C1qa, C1qb, C1qg, C1r, C2, and C3 transcripts were modestly increased in the joints of both C3H and C57BL/6 mice, further suggesting the presence of activated macrophages (Table IV) . Transcripts for markers of APCs and Agprocessing machinery, including the MHC, Cd1, Tap1/2, and proteosome subunits indicated the presence of an active acquired host defense in joint tissues at 2 and 4 wk of infection, as did the increased expression of Ig genes (Table IV) (27) .
Borrelia and its lipoproteins are known to activate NF-B and induce the production of many cytokines including IL-6, IL-1␤, TNF-␣, and IL-12 in vitro (39, 40) . Surprisingly, IL-1␤ was the only hallmark inflammatory cytokine to be increased in either C3H or C57BL/6 ankle tissue (Table IV and http://jimmunol.org/ IL15, and TNF family members), indicating that B. burgdorferi does induce these cytokines in the joint but that in the presence of IL-10 their levels are quite low (Table IV and Supplement 3) . In fact, RT-PCR, which is much more sensitive than microarray analysis, did reveal the presence of extremely low levels of transcripts for IL-6, TNF, IFN-␤, and IFN-␥ in the joint tissues of infected C3H and C57BL/6 mice, with levels below detection in uninfected tissues (data not shown). These results may explain the failure to detect significant changes by microarray. Taken together, they suggest that whereas the contribution of proinflammatory cytokines appears to be tightly controlled in wild-type mice, it is not a dominant feature of the localized response to infection in joint tissue. Interestingly, RT-PCR analysis of spleen samples from infected mice also revealed very low levels of these proinflammatory cytokines and of the IFN-inducible genes Igtp and Iipt (data not shown).
B. burgdorferi infection activates chondrocytes and triggers reactive responses in C3H mice
The most severe manifestation of arthritis in C3H mice includes evidence of reactive processes such as the formation of foci of new chondrocytes and new bone formation at 4 wk of infection (4, 9) . Microarray revealed modest increases in gene products associated with chondrocytes from the joints of 4 wk postinfection C3H mice, including several collagen genes, such as Ctsk and Dspg3 (Table V) In agreement with findings reported by others (42, 43) , transcripts for Mmp3, Mmp9, Mmp13, and Mmp23, as well as tissue inhibitor of matrix metalloproteinase 1 (Timp1) were induced in the joints of C3H mice, whereas transcripts for Mmp3, Mmp8, and Timp1 were increased in C57BL/6-IL-10 Ϫ/Ϫ mice (Table V) . Mmp3 expression was also increased in joints of C57BL/6 mice, but to a lesser extent than in C3H or C57BL/6-IL-10 Ϫ/Ϫ mice. Expression profiles of several of the metalloproteinases were confirmed by RT-PCR with individual mice, with results for Mmp3 shown in Fig. 4J .
Discussion
The murine model of Lyme disease initially developed by Barthold et al. (8) has provided a unique opportunity to study the localized response to a similar infectious challenge in tissues that will ultimately develop distinct severities of arthritis (9, 19) . The response to invading bacteria at 1 wk of infection precedes the influx of inflammatory cells and revealed a dramatic difference in the localized response. Although C3H mice displayed a robust response dominated by IFN-inducible transcripts, these transcripts were absent at 1 wk from infected C57BL/6 mice (Table II and Figs. 1 and  2) . Instead, the C57BL/6 mouse displayed an increase in an entirely distinct and unexpected group of genes previously associated with epidermal differentiation and wound repair (Table III) . The C57BL/6-IL-10 Ϫ/Ϫ mouse shared expression profiles with the C3H mouse, implicating the IFN response in arthritis development rather than in a strain-specific response to infection, and suggesting that suppression of the IFN response in C57BL/6 mice was crucial to suppression of arthritis (Figs. 1 and 3) .
A second surprising feature of the early C3H profile was the down-regulation of a large number of genes, many of which were in the same group of epidermal genes that were increased in C57BL/6 mice. More striking was the fact that expression of these genes was also reduced in C57BL/6-IL-10 Ϫ/Ϫ mice, similar to C3H mice, and again arguing that regulation of expression of the epidermal profile was related to the development of inflammatory arthritis, not due to strain-specific differences between C3H and C57BL/6 mice (Table III and Figs. 1 and 3) . Expression of several of the epidermal profile genes, including filaggrin, loricrin, and cytokeratins, can be down-regulated by endogenous peptide ligands for nicotinic acetylcholine receptors, providing precedent for reduced expression following signaling pathway activation (44) .
It cannot be determined from our results which IFN is responsible for the intense induction of this group of transcripts in C3H mice, or even the possible role of another pleotropic cytokine such as TNF-␣ (45). Studies with mice lacking IFN-␥ indicate that it is not required for arthritis development (46); however, it is possible that there are compensatory pathways acting in the gene ablation model. Based on the known inflammatory potential of B. burgdorferi, the production of either type I IFN or IFN-␥ by the milieu of the joint tissue could certainly occur by 1 wk of infection (17, 47, 48) . Alternatively, the early presence the dendritic cell-specific transcript Oasl2 (Table II) in C3H mice may be highly relevant due to the importance of dendritic cells as a sources of type I IFN (49, 50) . In clinical trials, treatment with type I IFN has resulted in transient arthritis in patients with multiple sclerosis and hepatitis C infection, providing precedent for involvement of IFN in inflammatory arthritis development (51, 52) . Additional experiments will be required to identify the cellular source and identity of the cytokine responsible for the IFN-inducible profile.
Additional experiments will also be required to detail the interplay between the epidermal profile and inflammatory responses. Several published reports provide some insight as to a connection between altered epidermal gene expression profiles in the joints of B. burgdorferi-infected mice and regulation of the inflammatory response. Normal differentiation of the epidermis during development requires the IB kinase IKK1 (53), a key component of the classical and alternative NF-B-signaling pathways, implicating IKK1 as a common link between regulation of epidermal differentiation genes and inflammation. Additionally, mice with a keratinocyte-specific deletion of the inflammation-associated transcription factor AP-1 displayed altered expression of epidermal differentiation genes and the development of both localized and systemic inflammatory lesions including psoriasis and psoriatic arthritis (54) . Because B. burgdorferi achieve high levels in the skin of infected mice, it is also possible that dissemination through the skin promotes increased trafficking of cells that are not normally present in the joint tissue, and that this trafficking influences the overall inflammatory status of the joint (55, 56) . Finally, in rheumatoid arthritis, citrullinated proteins such as filaggrin have been identified as targets for autoantibody; however, it is only the citrullinated species that are recognized by rheumatoid arthritis serum, and unmodified filaggrin is actually not expressed in joint tissue (57) .
The 2-wk profile revealed unexpected similarities in genes increased in C3H and C57BL/6 mice (Table IV and Fig. 3 ). Numerous chemokines were induced in both wild-type strains of mice, without correlation with the greater inflammatory cell infiltrate seen in C3H mice (8, 15) . In contrast, the robust production of NF-B-dependent inflammatory cytokines seen with cultured cells in vitro and during infection of animals and patients was absent from localized response in joint tissues of C3H and C57BL/6 mice (2, 12, 48). The lack of differentially regulated genes downstream of the TLR2, MyD88, and NF-B-driven response to B. burgdorferi was unexpected and suggests that activation of this pathway occurs independently from the development and regulation of Lyme arthritis. The possibility that the NF-B pathway is a better indicator of the host response to infection rather than a determinant of arthritis severity is consistent with the heightened expression of cytokines and more effective host defense in IL-10 Ϫ/Ϫ mice ( Fig.  1B and Table IV) . These findings should also be interpreted in light of previous studies with TLR2-deficient mice: these mice harbor high levels of spirochetes in tissues and develop severe arthritis even though isolated cells are defective in production of cytokines in response to B. burgdorferi (58) . The lack of differential expression of the NF-B-dependent cytokines in B. burgdorferi-infected C3H and C57BL/6 mice is consistent with the observed development of Lyme arthritis in TLR2 Ϫ/Ϫ C3H. The possible implication of type I IFN in arthritic responses is also consistent with Lyme arthritis development in the TLR2 Ϫ/Ϫ mouse, because type I IFN is not a target of TLR2 signaling and its production should proceed normally in the absence of TLR2 (50, 58, 59 ). Global gene expression analysis led to the identification of previously unrecognized differences in expression profiles in the joints of C3H and C57BL/6 mice in response to the same stimulus: invading B. burgdorferi. This justifies our strategy of assessing expression in the complex joint tissue and provides new insight into the development of this inflammatory pathology. The differences in gene expression between the arthritis-susceptible (C3H and IL-10 Ϫ/Ϫ ) and arthritis-resistant (C57BL/6) strains was evident by 1 wk of infection, suggesting that a very early discriminating event occurs in each strain that determines the outcome of infection. One interpretation of these results is that in the presence of high levels of chemokines, the IFN response of C3H mice promotes leukocytic infiltration resulting in inflammation and arthritis; whereas in C57BL/6 mice, some aspect of the epidermal/ wound profile prevents leukocytic infiltration and inflammation, thus limiting arthritis. These early initial events determine the outcome of arthritis severity even in the presence of similarly high levels of bacteria, chemokine production, and proinflammatory cytokine production.
Future investigations will be directed toward a mechanistic understanding of the involvement of these novel pathways in regulation of the development of Lyme arthritis. Additionally, experiments designed to assess the participation of QTL regulating the severity of murine Lyme arthritis in control of these distinct responses may provide further insight into the genetic and biochemical regulation of arthritis development (10, 11) .
